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Four sensing approaches for the implementation of microwave sensors based on transmission lines loaded with metamaterial-
inspired resonators are considered in this review paper, and examples of applications are pointed out. In all the cases, sensing is
based on the effects that themagnitude undermeasurement causes in the transmission properties of the resonator-loaded line. Such
four strategies are (i) resonance frequency variation, (ii) coupling modulation through symmetry disruption (causing variation of
the notch depth), (iii) frequency splitting (also exploiting symmetry properties), and (iv) amplitude modulation of a harmonic
signal. Such sensors are useful in various scenarios, of interest in fields as diverse as characterization of dielectric materials for
communication circuits, medical diagnosis and treatment with microwave technologies, and sensors for space applications, among
others.
1. Introduction
Metamaterial-inspired resonators are electrically small res-
onant particles useful for the implementation of one-
dimensional (e.g., metamaterial transmission lines [1]), two-
dimensional (e.g., metasurfaces [2]), and three-dimensional
(e.g., lenses for MRI [3]) metamaterials. Such resonant ele-
ments are “atoms” (sometimes called “meta-atoms”), which
can be structured (or engineered) to form periodic artificial
materials with unusual electromagnetic properties (negative
refraction [4], backward wave propagation [5] and radiation
[6], slow and fastwaves [4–7], cloaking [8], etc.). Such proper-
ties, in general, arise as long as the composite acts as an effec-
tive medium for the electromagnetic field with which it inter-
acts. In an effective medium, the properties can be tailored to
some extent and are different from those of the constitutive
elements, typically conventional metals and dielectrics in
most metamaterials (obviously, this does not exclude the
use of advanced materials, such as ferroelectrics [9, 10],
liquid crystals [11, 12], and graphene [13], or components,
such as microelectromechanical systems—MEMS [14, 15]). A
well-known example of unusual (effective medium) property
is the negative refractive index achievable in compositesmade
of split ring resonators (SRRs) and metallic strips (or posts),
related to the simultaneous negative effective permeability
(due to the SRRs) and permittivity (related to the metallic
strips) of the structure [7]. Key to achieve such effective
medium properties is the characteristic dimension (period)
of the composite, which must be much smaller than the
wavelength of the illuminating radiation. In this regard,
metamaterial-inspired resonators are semilumped elements
with electrical size significantly smaller than the wavelength
at their fundamental resonance frequency, and hence they
are useful particles (“atoms”) for the implementation of
metamaterials. Examples of such resonant elements are the
SRR [16], the complementary split ring resonator (CSRR)
[17], the broadside coupled SRR (BC-SRR) [18], the electric
LC (ELC) resonator [19], the S-shaped SRR (S-SRR) [20],
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the folded SIR (F-SIR) [21], and many others (the authors
recommend the book [22] for an exhaustive list, analysis, and
applications of such resonant particles).
Besides these effective medium properties, which arise in
periodic (or quasi-periodic) structures made of the previous
(or other) metamaterial resonators and are useful for the
implementation of microwave components with small size
or superior performance or based on novel functionalities
[1, 22], it is possible to use the resonance, electrical size, shape,
and specific properties of some metamaterial resonators in
other applications, including sensing (the purpose of this
review article). Metamaterial-inspired resonators are very
useful particles for the implementation of compact, high-
sensitivity, and robust sensors on the basis of different
strategies or approaches, for applications as diverse as charac-
terization of dielectric materials for communication circuits,
medical diagnosis and treatment with microwave technolo-
gies, and sensors for space applications, among others.
In this paper, four sensing approaches for the imple-
mentation of microwave sensors based on metamaterial
resonators are reviewed, and examples of applications are
pointed out. In all the cases, the sensing strategies are based
on transmission lines loaded with such resonant elements.
Such lines resemble metamaterial transmission lines, but
the resonance phenomenon, rather than effective medium
properties, is exploited. Such sensing strategies are resonance
frequency variation, couplingmodulation through symmetry
disruption (causing variation of the notch depth), frequency
splitting (also exploiting symmetry properties), and ampli-
tude modulation of a harmonic signal.
2. Sensing Strategies
In this section, the four sensing strategies (or principles) are
reviewed, whereas some applications of them are included in
the next section.
2.1. Sensors Based on Frequency Variation. A transmission
line loaded with a resonant element (either coupled to it or in
contact with it) exhibits a set of transmission zeros (notches)
in the frequency response. These transmission zeros occur at
those frequencies where the resonant element produces an
open or a virtual ground to the line, and the injected power
is completely reflected back at these frequencies (excluding
the effects of losses). Typically, the frequency of interest
for microwave circuit and sensor design is the first (funda-
mental) resonance frequency, where metamaterial resonators
can be used in order to achieve compact dimensions. This
frequency (and higher order harmonic frequencies) may
be altered by the effects of external stimulus or perturba-
tions (e.g., moisture, temperature), by the relative position
or orientation between the line and the resonant element
(distance, lateral displacement, etc.), or by the presence
of substances/materials surrounding the resonant element.
Therefore, it follows that resonance frequency variation can
be used for sensing many different variables, including posi-
tion, velocity, material characteristics (e.g., permittivity), and
moisture. These sensors are in general very simple but may
suffer from cross-sensitivities, defined as the sensitivity of the
sensors to other variables different from the one of interest
(measurand). For example, since permittivity depends on
environmental conditions (e.g., temperature), the resonance
frequency can be unintentionally shifted by spurious effects
in permittivity sensors. Nevertheless, in many applications,
external factors such as temperature or humidity do not
experience significant variations. Moreover, these frequency
variation based sensors are typically calibrated for accurate
measurements. Therefore, these sensors are useful in many
applications where design simplicity and low cost are key
aspects.
2.2. Coupling Modulation Based Sensors. This sensing
approach belongs to the so-called symmetry-based sensing
[22–24], where symmetry properties are exploited for
the implementation of sensors. In these sensors, a trans-
mission line is loaded with a single symmetric resonator
(electromagnetically coupled to the line), and the sensing
principle is the control of the level of coupling between
the line and the resonator, caused by the measurand
and related to disruption of symmetry. These sensors are
particularly useful for the measurement of spatial variables
(e.g., alignment, displacement, and velocity) [24–27], and in
this case the resonator is etched on a substrate (or object)
different from that of the transmission line, in order to allow
for a relative motion between the line and the resonator.
However, symmetry can also be disrupted by asymmetric
dielectric loading of the resonant element.
In these sensors, the symmetry plane of the transmission
line is aligned with the symmetry plane of the resonant
element, and both symmetry planes must be of different
electromagnetic nature (one an electricwall and the other one
a magnetic wall). Under these conditions, line-to-resonator
coupling is prevented, and the structure exhibits total trans-
mission. Conversely, by breaking symmetry through the
effects of the variable under measurement (e.g., a spatial
variable), a transmission zero, or notch, appears, and the
notch depth depends on the level of asymmetry, since such
level determines the magnitude of electromagnetic coupling
between the line and the resonant element. Figure 1 illustrates
this sensing principle, where symmetry disruption is caused
by lateral displacement of the resonant element, a SRR, and
the considered transmission line is a CPW. It is interesting to
mention that, for the parasitic slot mode (odd mode) of the
CPW transmission line, where the axial plane is an electric
wall, rather than a magnetic wall, the structure exhibits a
notch when the SRR is symmetrically loaded.
As compared to the previous approach, a key advan-
tage of coupling modulation sensors is their robustness
against variable environmental conditions. The reason is
that the principle of operation relies on geometrical align-
ment/misalignment,which cannot be altered by environmen-
tal factors. Although these sensors cannot be considered to be
true differential sensors, indeed they exhibit a similar behav-
ior since the net coupling between the line and the resonator
can be expressed in terms of the difference between partial
couplings related to each half of the structure [32].The output
variable in these sensors is the notch depth expressed in dB
(as usual to quantify attenuation). A disadvantage of these
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Figure 1: CPW transmission line loaded with a single SRR. (a) Line and resonator aligned and excitation with the fundamental (even) mode;
(b) line and resonator aligned and excitation with the slot (odd) mode; (c) line and resonator misaligned and excitation with the fundamental
(even) mode. It is apparent that, for misaligned loadings, the magnetic wall at the symmetry plane of the line is altered.
sensors is, therefore, their susceptibility to electromagnetic
interference (EMI) and noise. Nevertheless, the resonance
frequency of the resonant element can be tailored in order
to avoid interfering signals (if they are present). Shielding
of the sensors is also an alternative to mitigate the effects of
EMI. For the measurement of spatial variables, these sensors
are very interesting since themeasurement can be contactless
(by means of an air gap between the line and the resonator).
By this means, mechanical friction is avoided, and aging
effects are less severe as compared to sensors where friction
is present, such as in rotary potentiometers [33].
2.3. Frequency Splitting Sensors. In this approach, the sensors
are composed of a transmission line loaded with a pair
of resonators in a symmetric configuration. The sensing
principle is based on resonance frequency splitting. Thus, in
the reference (symmetric) state, the structure exhibits a single
notch, but two notches appear when symmetry is disrupted,
and the frequency separation between them is related to the
level of asymmetry [23].
Typically, these sensors find applications in material
characterization. A test region in the vicinity of the resonators
should be defined. By adding a material or substance in those
regions, a single transmission zero appears if the material
distribution (specifically the permittivity) is symmetric. On
the contrary, if the material loading is not symmetric, two
notches in the transmission coefficient, indicative of such
asymmetry, arise. Note that this strategy is useful for the
implementation of sensors and comparators. Such sensors are
differential sensors, able to provide the difference between
two permittivity values. As a comparator, the structure solely
compares two permittivities, indicating whether their values
are the same or not. This latter application is useful for the
detection of defects or abnormalities in material samples as
compared to a well-known reference. Similar to the previous
sensing approach, frequency splitting sensors are robust in
front of changing environmental conditions since a true
differential measurement is performed in such sensors.
One important drawback of these frequency splitting
sensors is the coupling between resonators, unavoidable if
these resonators are close enough. Coupling tends to degrade
sensor performance, specifically the sensitivity at small per-
turbations, as reported in [34]. To circumvent the coupling
between resonant elements, one possibility is to cascade the
resonant elements [35]. By this means, the structure is not
necessarily symmetric, but the working principle is exactly
the same. However, if the resonators are separated enough,
coupling no longer arises. Alternatively, a divider/combiner
configuration, where each transmission line branch is loaded
with a resonant element, can be considered [30, 36]. In this
case, coupling is prevented, but, in general, the two notches
for the asymmetric configuration are related to an interfer-
ence phenomenon. The result is that sensitivity is degraded
as well, unless the lengths of the transmission line sections
of the splitter/combiner are appropriately chosen [30, 36].
Figure 2 depicts the three considered configurations, where
the resonant element is a stepped impedance resonator (SIR).
As reported in [30], the electrical lengths of the trans-
mission line sections connecting the 𝑌-junction of the
divider/combiner with the plane where the SIRs are con-
nected (Figure 2(c)) must be exactly 𝜋 at the fundamental
resonance frequency of the SIRs. With this choice, the shorts
at the plane where the SIRs are connected to the lines are
translated to the 𝑌-junction, and a transmission zero at the
frequency of the SIRs arises. By disrupting symmetry by
altering one of the SIRs (e.g., by means of a dielectric load),
the transmission zero at the SIRs frequency prevails, whereas
the other one is a consequence of an interfering phenomenon.
The fact that one of the transmission zeros is kept unaltered
regardless of the level of asymmetry explains the optimized
sensitivity under the mentioned conditions relative to the
electrical length of the divider/combiner transmission line
sections. Importantly, if the previous conditions are satisfied,
the two notches that appear for the asymmetric case are quite
similar. This is interesting in order to properly detect small
perturbations (asymmetries).
2.4. Amplitude Modulation Based Sensors. These sensors
consist of a transmission line fed by a harmonic signal tuned
at the fundamental frequency of a certain resonator coupled
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Figure 2: Various topologies of sensors based onmicrostrip lines loaded with SIRs. (a) Parallel configuration; (b) cascaded configuration; (c)
splitter/combiner configuration.
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Figure 3: Schematic for the angular velocity measurement (axial configuration) (a) and cross section of the active part of the sensor (b).
to it. The amplitude of the feeding signal at the output port of
the line depends on the level of coupling between the line and
the resonant element. Namely, if the coupling is negligible,
the line is transparent, and the amplitude at the output port
is maximized. Conversely, if the coupling is significant, the
injected signal is reflected back to the source, minimizing
the amplitude of the output signal. Thus, line-to-resonator
coupling effectively modulates the amplitude of the output
signal, and this can be used for sensing purposes. Specifically,
these amplitude modulation sensors are very appropriate for
measuring angular velocities [31, 32, 37, 38]. One possible
approach consists of using a symmetric resonant element
exhibiting an electric wall at the fundamental resonance
frequency, attached to a rotating object (rotor) in an axial
configuration [32, 37, 38]. By placing the rotor in close
proximity to the stator, a transmission line with a magnetic
wall at its symmetry plane (e.g., a CPW transmission line),
the coupling between the line and the resonator depends on
the relative orientation between the symmetry planes of the
line and resonator and hence on the angular position of the
rotor. Since each time the axial plane of the line and the
symmetry plane of the resonator are aligned the amplitude
of the output signal is a maximum, and this occurs twice per
cycle, it follows that the angular velocity can be inferred from
the envelope of themodulated signal. To this end, a circulator
and an envelope detector, implemented by means of a diode,
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Figure 4: Topology of the bisymmetric ELC resonator with indi-
cation of charges and current flow at the fundamental resonance
frequency.
are used. The circulator is sandwiched between the line and
the detector, in order to prevent reflected signals from the
diode. The schematic of the structure is depicted in Figure 3.
An appropriate resonator for the implementation of
these angular velocity sensors is the so-called electric LC
(ELC) resonator [19]. This resonant particle (see Figure 4)
is bisymmetric, exhibiting an electric wall and a magnetic
wall at the fundamental resonance. According to Section 2.2,
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Figure 5: Perimetric configuration. (a) Top view scheme; (b) cross-sectional view.
when the electric wall of the ELC is aligned with the axial
plane of the line, coupling is prevented and the line is
transparent. Contrarily, the coupling is a maximum, and the
transmission is a minimum, for an ELC angle corresponding
to perfect alignment between the axial plane of the line and
the magnetic wall of the resonant element. If both the ELC
and the line are circularly shaped, the linearity between the
amplitude of the output signal (in logarithmic scale) and the
rotation angle is quite linear, and the sensor can be used for
the measurement of angular position as well.
Alternatively to the axial configuration, the amplitude
modulation based angular velocity sensors can be imple-
mented by considering a chain of resonant elements dis-
tributed along the perimeter of the rotating object (rotor)
[31]. In this case, the resonant elementsmust be oriented such
that the coupling between the line (stator) and the resonator
is maximized when the resonator is perfectly aligned with
the axial plane of the line. Each time such alignment occurs,
the amplitude (envelope) of the output signal is minimum,
and hence the angular velocity can be inferred from the
time between adjacent minimums (or maximums) and the
number of resonant elements distributed along the circular
chain. By this means, it is possible to measure instantaneous
angular velocities with good accuracy, provided a large
number of resonant elements in the rotor are considered.The
schematic of the perimetric configuration is identical to the
one shown in Figure 3, with the exception of the position of
the stator (transmission line), which in this case is positioned
in the external perimeter of the rotor, as indicated in Figure 5.
3. Examples of Applications
In this section, some examples of applications of the previous
sensing strategies are given.
3.1. Examples of Sensors Based on Frequency Variation. The
variation of the resonance frequency in SRR- and CSRR-
loaded lines has been considered for sensing purposes.These
resonators exhibit high sensitivity and are therefore good
candidates for the implementation of sensors. By loading
a microstrip line with a triangularly shaped CSRR, the
coupling capacitance between the line and the resonator
strongly depends on the relative position between the line
and the CSRR. Hence, these resonators can be used as
displacement sensors. The idea, pointed out in [28], where a
two-dimensional displacement sensor was proposed, consists
of etching the triangular CSRRs on a movable substrate,
different from the one where the line is etched. By this means,
a relative motion between the line and the CSRRs can be
achieved. In order to achieve sensing in two dimensions,
a bended microstrip line was considered in [28], and two
CSRRs in the separated substrate were etched as well. One
of the CSRRs is in close proximity to one of the line sections,
whereas the other one is in close proximity to the other line
section, as depicted in Figure 6.
Note that two orthogonally polarized receiving and trans-
mitting antennas were cascaded to the input and output ports
of the host line in order to provide a wireless connection
between the sensor and the source. Figure 6(c) shows the
variation of the frequency response that is obtained by
laterally displacing one of the rings with regard to the line
axis.
Another example concerns sensors able to spatially
resolve the dielectric properties of a material. It has been
achieved in [29] by loading a line with an array of SRRs
tuned at different frequencies. In such sensors, a frequency
shift of one individual resonant peak indicates the dielectric
properties of the material under test and its location within
the array. One of the structures considered in [29] is depicted
in Figure 7 and corresponds to a transmission line loaded
with two SRRs. In the figure, the presence of pig lung tissue
can be observed in the sensitive region of one of the SRRs.
Figure 7(b) shows the response of a similar structurewith four
SRRs and pig lung tissue in one of them. The variation of the
corresponding resonance peak can be appreciated, indicating
the presence of a different material on top of the sensitive
region of the SRR.
Finally, CSRR-loadedmicrostrip lines can be used as sen-
sors to characterize dielectric samples [39–42], particularly
microwave substrates (used for circuit implementation). In
these sensors, the dielectric constant is determined from
the shift of the resonance frequency experienced when the
material under test is placed in contact with the CSRR of
the line. Such dielectric constant can be inferred through
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Figure 6: Two-dimensional wireless displacement sensor based on detuning of triangularly shaped CSRRs. (a) Scheme showing the
polarization decoupling of interrogation and response signals; (b) photograph; (c) frequency response for various displacement values. For
better visualization in (b), the movable sensitive plate was rotated 180∘. Reprinted with permission from [28].
a calibration curve, by considering dielectric slabs with
known permittivity. However, if the dielectric constant of
the substrate is known, it is possible to obtain the dielectric
constant of the sample under test (SUT) from the following
expression:
𝜀SUT = 1 +
(𝜔󸀠−2
0
− 𝜔−2
0
)
𝐿
𝑐
𝐶
𝑐
(1 + 𝜀
𝑟
) , (1)
where 𝐿
𝑐
and 𝐶
𝑐
are the inductance and capacitance of
the CSRR in the CSRR-loaded line without SUT, 𝜀
𝑟
is the
dielectric constant of the substrate, and 𝜔
0
and 𝜔󸀠
0
are
the notch frequencies of the structure without and with
SUT, respectively. As an example, the CSRR-loaded line of
Figure 8 has been loaded with a dielectric sample (SUT)
corresponding to an identical substrate to that of the line
(Rogers RO3010 with dielectric constant 10.2). The measured
response of the line with and without the SUT is depicted
in Figure 8(b). In the structure without the SUT, 𝐿
𝑐
and 𝐶
𝑐
have been inferred from the parameter extraction method
reported in [43]. Thus, expression (1) can be evaluated, and
the dielectric constant of the SUT has been found to be 𝜀SUT
= 9.39, in good agreement with the nominal value. It is worth
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Figure 7: (a) Transmission line loaded with two SRRs and pig lung
tissue on top of the sensitive region of one of the SRRs; (b) frequency
response for the case of 4 SRRs loading the line. Reprinted with
permission from [29].
mentioning that we have repeated the measurements several
times by putting pressure to the SUT in order tominimize the
effects of the air gap and the results are stable.
3.2. Examples of Sensors Based on Coupling Modulation.
Several types of sensors based on coupling modulation have
been reported [24–27, 32]. Most of them use the transmission
coefficient of a transmission line loaded with one or several
resonant elements. A different approach is used in [27],
where a two-dimensional displacement and alignment sensor
is implemented on the basis of the reflection coefficients
of orthogonally oriented open microstrip lines loaded with
SRRs. The layout of the device is depicted in Figure 9. For
the unperturbed state, the resonators are not excited and
the injected signals to both ports are reflected back to the
source. Hence, the reflection coefficients are |𝑆
11
| = |𝑆
22
| =
1. However, if the alignment is broken by displacement
in the x- and y-directions, the SRRs will be excited and
notches will appear in the reflection coefficients. Further
displacement in the x- and y-directions gives rise to a stronger
coupling between the transmission lines and the SRRs, in turn
resulting in deeper notches in the reflection coefficients at
the resonance frequency of the SRRs. These notches result
from radiation effects, and this is another relevant feature
(a)
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Figure 8: CSRR-loaded line used as permittivity sensor (a) and
insertion and return loss (b). The reactive elements values are 𝐶
𝑐
= 6.81 pF and 𝐿
𝑐
= 2.42 nH. Note that in the top view the metallic
strip of the microstrip line is not visible since it is covered by a
piece of slab with the same parameters as the substrate. This has
been done in order to have a homogeneous material surrounding
the line strip, resulting in an embedded microstrip line, required in
this application.
of this sensing strategy based on (one-port) open-ended
transmission lines.
Note that displacement in the x-direction has no effect
on the depth of notch in |𝑆
22
| (nor displacement in the y-
direction onto |𝑆
11
|). Thus, misalignment in the 𝑥- and 𝑦-
directions can be independently sensed from the depth of
notches in |𝑆
11
| and |𝑆
22
|, respectively. One advantage of
this method is that both SRRs can be designed to operate
at the same resonance frequency. This is in contrast to the
previous two-dimensional displacement sensor based on the
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Figure 9: Top (a) and side (b) views of the two-dimensional displacement sensor based on the resonance in the reflection coefficients.
The structures are patterned on Rogers RO4003 substrates with 0.81mm thickness. The geometrical dimensions of the line and SRR are 𝑤 =
1.84mm, 𝑎 = 7mm, 𝑔 = 0.5mm, and 𝑐 = 0.5mm.There is an air gap with 𝑔
𝑎
= 0.76mmbetween the two substrates. Reprinted with permission
from [27].
Figure 10: Photograph of the fabricated sensor implemented
through open-ended transmission lines. Reprinted with permission
from [27].
transmission characteristics of a CPW, where SRRs needed to
have distinct resonance frequencies. Note that the direction
of motion cannot be determined with the sensor depicted in
Figure 9. Nevertheless, additional resonant elements, tuned at
different frequencies, can be added to the movable substrate
in order to distinguish the directions of motion.
The photograph of the fabricated device is shown in
Figure 10. Figure 11 depicts the reflection coefficientmeasured
from any of the ports for different lateral displacement values
(seen from the corresponding port). One important feature
of the proposed sensor is that displacement affects only
the depth of the notch and leaves the resonance frequency
nearly intact. A fixed resonance frequency is an important
feature that enables the proposed sensor to operate at a fixed
frequency. This invariability of the resonance frequency is
due to the fact that such frequency mainly depends on the
characteristics of the SRRs, rather than on their coupling
to the line. However, for some resonators and lines, the
   S
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r|
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Figure 11: Measured |𝑆
11
| (or |𝑆
22
|) for different values of displace-
ment Δ𝑥 (or Δ𝑦) from 0.1 to 0.8mm in steps of 0.1mm. Reprinted
with permission from [27].
SRRs may be affected by the presence of the line and this
invariability is not always guaranteed.
3.3. Examples of Sensors Based on Frequency Splitting. Let
us consider in this section frequency splitting sensors based
on splitter/combiner structures loaded with SIRs [30]. The
same type of sensors implemented by loading the split-
ter/combiners with CSRRs is reported in [36]. The photo-
graph and frequency response of one of these sensors without
loading on top of the SIRs are depicted in Figure 12. It can
be appreciated that a single notch in the frequency response
appears, as expected on account of symmetry.However, when
symmetry is disrupted, the single notch is split into two
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Figure 12: Fabricated splitter/combiner based sensor (a) and inser-
tion loss (b). The structure has been fabricated on the Rogers
RO4003C substrate with thickness h = 812.8 𝜇m and dielectric
constant 𝜀
𝑟
= 3.38. Reprinted with permission from [30].
notches. This is illustrated in Figure 13, where a trisection
splitter/combiner structure is depicted, and the response to
different loading combinations is reported. To this end, a
dielectric slab (a square-shaped piece of unmetalized Rogers
RO3010 substrate with thickness h = 1.27mm and dielectric
constant 𝜀
𝑟
= 10.2) has been added on top of one of the
SIRs of each pair. With these unbalanced loads, frequency
splitting of the three resonance frequencies of the SIRs is
expected, and this is confirmed from the measured response,
also included in Figure 13. Then, each pair of SIRs has been
loaded with unbalanced loads, but in this case considering
dielectric slabswith different dielectric constants (i.e., square-
shaped pieces of unmetalized Rogers RO3010 substrate with
thickness h = 1.27mm and dielectric constant 𝜀
𝑟
= 10.2 and
Arlon CuClad 250 LX with 𝜀
𝑟
= 2.43 and h = 0.49mm). Again,
frequency splitting (see Figure 13) points out the difference
in the dielectric constants of both slabs loading the different
pairs of SIRs. To summarize, note that in the red curve only
three notches are present, indicating that no loading is present
in the three pairs of resonant elements. However, for the other
curves, three pairs of notches appear as a consequence of
unbalanced loads in the three pairs of resonant elements.
3.4. Examples of Sensors Based on Amplitude Modulation. In
this section, an amplitude modulation based sensor poten-
tially useful for the measurement of the angular velocity in
reaction wheels of spatial vehicles is presented [31]. For that
application, the perimetric configuration is more convenient
(a)
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Loading 10.2
Loading both 10.2 and 2.43
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Figure 13: Fabricated trisection splitter/combiner sensor (a) and
measured response (insertion loss), comparedwith the response that
results by loading one of the SIRs of each pair with a dielectric slab of
dielectric constant 10.2 and by loading both SIRs of each pair with
dielectric slabs of different dielectric constants (10.2 and 2.43) (b).
Reprinted with permission from [30].
than the axial configuration for two main reasons: (i) from
a mechanical viewpoint, the axial configuration is more
complex since the axial region of the wheels may contain
the rotating axis, or other mechanical elements for rotation;
(ii) with the perimetric configuration, the measurement
of instantaneous velocities is possible, and the accuracy is
determined by the number of resonant elements of the
perimetric chain (see Section 2.4).
The sensor is based on a broadside coupled SRR (BC-
SRR) loaded coplanar waveguide (CPW) (Figure 14(a)). The
stator is a CPW loaded with a pair of split rings, whereas
the rotor consists of a periodic circular chain of split rings,
identical to those of the stator but rotated 180∘. The cross-
sectional view scheme of the assembly is indicated in Fig-
ure 14(b). Note that this configuration is not exactly the one
indicated in Figure 5(b). The justification is as follows: in
order to measure quasi-instantaneous angular velocities, the
space between adjacent rings must be minimized. If a CPW
is coupled directly to an array of split rings, as indicated
in Figure 5(b), there are two cross-coupling effects: (i) the
CPW is simultaneously coupled to multiple resonators and
(ii) neighboring resonators are coupled to each other. Using
the reported approach, both parasitic effects can be ignored;
namely, the CPW is coupled only to the BC-SRRs and the
interresonator coupling is at frequencies higher than the
frequency of interest, 𝑓
0
, the resonance frequency of the BC-
SRR, which must be the frequency of the harmonic signal
injected to the CPW. Figure 14(c) shows the insertion loss
of the CPW at 𝑓
0
for different relative displacement values
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Figure 14: Layout of the stator and rotor parts (a), scheme of the cross-sectional view, indicating the direction of motion of the rotor (b), and
insertion loss at 𝑓
0
for different displacement values (0mm displacement corresponds to the reference position). Reprinted with permission
from [31].
between the rings of the rotor and those of the stator. It
can be appreciated that maximum attenuation occurs for the
reference position, defined as that in which a pair of rotor
rings are aligned with the pair of stator rings, forming a
perfect (aligned) BC-SRR.
The prototype of the sensor can be seen in Figure 15,
where a chain of 300 resonators is etched over a 101.6mm
radius rotor. The experimental setup consists of a signal
generator (Agilent E4438C), a Schottky diode (Avago HSMS-
2860), an oscilloscope (Agilent MSO-X-3104A), and a stepper
motor (STM 23Q-3AN) to control the displacement and
velocity of the rotor. Figure 16 depicts the measured envelope
function for a 3,000 rpm angular speed, where it can be
appreciated that the period corresponds to this velocity,
taking into account the number of resonators of the chain.
4. Discussion
Let us briefly discuss some advantages of the sensors con-
sidered in the previous section. The use of metamaterial-
inspired resonators for the implementation of sensors based
on frequency variation has the main advantage of resonator
size. This is especially critical in applications such as the one
reported in Figure 7 (sensors to spatially resolve the dielectric
properties of a material). Moreover, these resonant elements
(SRRs, CSRRs, etc.) typically exhibit good sensitivity (i.e.,
variation of frequency with dielectric properties or with
spatial variables). Particularly, the use of CSRR formeasuring
dielectric properties of slabs, or even liquids [36, 39–41, 44], is
very convenient since the capacitance (and hence resonance
frequency) of these resonant elements is very sensitive to the
presence of a dielectric load on top of the resonators.
In sensors based on coupling modulation or frequency
splitting, the main advantage is that these sensors are similar
to differential-mode sensors, and therefore they are robust
in front of cross-sensitivities caused by external factors,
since variations in variables related to ambient factors such
as temperature or moisture have effects that are seen as
common mode stimulus. Both sensor types are very useful
as comparators as well. It is worth mentioning that coupling
modulation sensors are more sensitive to noise, as compared
to frequency splitting sensors, since the output variable is
the notch depth. Nevertheless, the typical sensitivities and
dynamic ranges of these couplingmodulation sensors applied
to the measurement of spatial variables have been found to
be reasonable. Frequency splitting sensors are less sensitive
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Figure 15: (a) Stator, (b) rotor, and (c) assembly of the prototype. Via holes and strips connecting the CPWground planes are used to suppress
the slot mode. Calibration marks on the stator are visible.
to noise and are suitable for real-time differential measure-
ments. Moreover, it has been demonstrated that these sensors
can be used for measuring several samples simultaneously.
Finally, the latter sensors of the previous section, based
on amplitude modulation, can be considered a particular
case of coupling modulation sensors, where the output
variable is contained in the envelope function of an amplitude
modulated carrier signal. The particular application is the
measurement of the angular velocity, based on the distance
between pulses in the envelope function. One figure of merit
of these sensors is the number of pulses, which provides the
angle resolution and determines the capability of the sensor
to detect fast changes in the instantaneous angular velocity.
In the proposed sensor, 300 pulses are considered, but this
number can be enhanced by adding further resonant ele-
ments in an additional SRR chain (concentric but displaced
one semiperiod as compared to the one of Figure 15(b))
and an additional SRR pair in the rotor. As compared to
optical encoders, these sensors are cheaper. As compared
to angular velocity sensors based on potentiometers, the
proposed sensors do not suffer frommechanical friction and
hence are more robust against aging effects.
5. Conclusions
In conclusion, several sensing strategies for the implemen-
tation of microwave sensors based on metamaterial-inspired
resonators have been reviewed, and examples of applications
have been provided. Particularly, the reviewed sensors are
useful for material characterization and as displacement and
velocity sensors. Of interest for telecommunication circuits
and space applications are the frequency variation sensors
12 International Journal of Antennas and Propagation
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Figure 16: Measured envelope function for a 3,000 rpm speed.
Reprinted with permission from [31].
based on CSRRs, useful to determine the dielectric constant
of microwave substrates, and the amplitude modulation
sensors based on BC-SRRs, which are able to provide the
angular velocity of rotating cylinders and are therefore of
potential interest to replace optical sensors in reactionwheels,
or for the determination of the angular position in pointing
mechanisms, among others.
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